Abstract Effects of an external transverse electric field on the adsorption and diffusion of Li atoms on the single-walled carbon nanotubes (CNTs) were investigated using density functional theory. Results showed that the adsorption energy was significantly enhanced by applying the electric field. As the external electric field was increased from 0.0 to 0.6 V/Å, the adsorption energies were decreased from −1.37 to −2.31, −1.32 to −2.46, and −1.33 to −2.63 eV for the Li atoms adsorbed on (6,6), (8,8), and (10,10) CNTs, respectively. Meanwhile, the diffusion barriers of the Li atoms on the CNTs were also decreased as the external electric field was applied. When the external electric field was increased from 0.0 to 0.6 V/Å, the energy barriers were decreased from 0.42, 0.40, and 0.39 eV to 0.20, 0.17, and 0.15 eV for Li diffusion in the (6,6), (8,8), and (10,10) CNTs, respectively. The results proved that an external electric field can be applied to enhance the adsorption and diffusion of Li atoms on the CNTs (used as the anode) for lithium ion batteries.
Introduction
With the increasing demands for high energy density storage devices, scientists are searching for various novel materials to replace the traditional energy storage materials. Rechargeable lithium ion batteries (LIBs) have attracted much attention owing to their environmental friendliness, non-memory effect, and high energy density (Bandhauer et al. 2011) . Graphite has been successfully used as the anode materials for the LIBs which are widely used in portable devices. However, the theoretical specific energy of the graphite used in the LIBs is 372 mAh g −1 (Chou et al. 2011) , which cannot meet the requirement of high power density and longterm applications such as electric vehicles and artificial satellites. Therefore, it is imperative to search for new materials with higher energy densities. Carbon nanotubes (CNTs) were discovered in 1991 by Iijima (1991) . Since their discovery, they have attracted significant interests in synthesis and applications due to their unique physical and chemical properties, such as high aspect ratio, light weight, large tensile strength, and good conductivity (Brataas 2008; Chen et al. 2010; Kuemmeth et al. 2008; Sreekumar et al. 2003) . Due to their high specific surfaces, successful adsorption of metal atoms and organic functional groups onto the CNTs have been extensively demonstrated (Duclaux et al. 2003; Hamadanian et al. 2014; Jeong et al. 2003; Li et al. 2014) . As the anode materials for LIBs, CNTs have a theoretical specific capacity of 2000 mAh g −1 (Li 5.4 C 6 ) (Gao et al. 1999) , which is much higher than the ideal value of graphite which is 372 mAh g −1 (LiC 6 ) (Gao et al. 1999) . The CNTs can provide a desirable electronic matrix for the anode materials of the LIBs due to their high theoretical electrical conductivity and high aspect ratio (Jia et al. 2012; Landi et al. 2009; Zhang et al. 2009 ). In addition, the CNTs possess a good recycle lifespan as the anode materials for the LIBs and can keep a high reversible capacity of 600 mAh g −1
(Li 1.6 C 6 ) (Gao et al. 1999) . Also, the electrochemical properties of the CNTs were reported to be dependent on the length of CNTs, and the shorter CNTs showed better electrochemical properties than the longer ones (Yang et al. 2008) . Despite that the CNTs have considerable outstanding characteristics compared with the conventional anode materials, there exists a relatively high diffusion energy barrier of Li on the CNTs, which limits its commercial applications (Zhao et al. 2005) . As previously reported, there are three different sites for Li adsorption on the outer surfaces of the CNTs, e.g., H site (the center of hexagon site), T site (top on the carbon atoms), and B site (the middle of two carbon atoms) (Kaur et al. 2015; Liu et al. 2004 ). Li diffuses on the CNTs from an H site to a neighboring one by passing through the B site (Persson et al. 2010 ). An energy barrier of 0.44 eV has been identified for Li diffusion on the (5,5) CNTs ) and the adsorption energy for the Li adsorbed on (5,5) CNTs is −1.72 eV (Koh et al. 2011 ). Many methods have been used to decrease the energy barrier and enhance the adsorption energy, such as nitrogen doping, adding vacancy defects, and formation of the CNT-fullerene hybrid system (Fan et al. 2012; Koh et al. 2011; Li et al. 2008; Ma et al. 2012; Xiong et al. 2013; Zhou et al. 2012) . Although decreasing the energy barrier can be achieved for Li atom diffusion on the CNTs by doping or introducing defects, the morphology of the CNTs could be changed significantly.
In this paper, an external transverse electric field was used to enhance the adsorption and diffusion of Li on the CNTs using the first-principle calculation based on the density functional theory (DFT). It was found that Li adsorption was enhanced and the diffusion barriers were decreased by applying an external electric field.
Computational details
All of the calculations were performed using the first principles based on DFT as implemented in the SIESTA code (Soler et al. 2002) . Generalized gradient approximation (GGA) (Dixon and Gole 1992; Perdew et al. 1996) was used to describe the electron exchange correlation. The core electrons were modeled using nonlocal pseudopotentials, and valence electrons were described using a linear combination of numerical localized atomic orbital basis sets. The valence electron wave functions were expanded using a double-ζ basis set plus polarization functional (Soler et al. 2002) . A 1 × 1 × 9 Monkhorst-Pack mesh for the k-point sampling of the Brillouin zone integration was used. The diffusion barriers were calculated by moving the Li atom along its diffusion path from an H site to a neighboring one. The Li atom is constrained in the direction along the path, but it is free to move in the direction perpendicular to the diffusion path. CNTs with different diameters, i.e., (6,6), (8, 8) , and (10,10) single-walled CNTs, were used to model the adsorption and diffusion processes of the Li atoms. The atomistic configurations of single-walled CNTs viewed from a and b directions are shown in Fig. 1a , b, respectively. The external transverse electric field was applied along the b axis.
The adsorption energy, E Ads_Li , was calculated using Eq. (1):
where E CNTs + Li and E CNTs are the total energies of CNTs with and without Li adsorption, respectively, and μ Li is the chemical potential of a single Li atom. 
Results and discussion
To avoid periodic image interactions between the CNTs, the CNTs were put into a large box with a and b being fixed, thus keeping a large relative distance between the CNTs which is over 30 Å. The atomic positions and the lattice c which is parallel to the CNTs were fully free to relax upon geometry optimization until the atomic forces are less than 0.02 eV/Å on each atom. The lengths of c are 7.423, 7.426, and 7.427 Å for the (6,6), (8, 8) , and (10,10) single-walled CNTs after the geometry optimization, respectively. The diameters of (6,6), (8, 8) , and (10,10) CNTs are listed in Table 1 , which are well consistent with the previously reported values of 8.24, 10.84, and 13.56 Å for the (6,6), (8, 8) , and (10,10) CNTs (Xiong et al. 2013; Zhao et al. 2000) . The adsorption energies of the Li atom on (6,6), (8, 8) , and (10,10) single-walled CNTs siting on the H and B sites are listed in Table 1 . The adsorption energies are −1.37, −1.32, and −1.33 eV for the Li adsorbed on the (6,6), (8, 8) , and (10,10) CNTs, respectively. The adsorption energies are close to the previously reported value of 1.40 eV , and the Li atom is preferred to be adsorbed on the H site than on the B site Liu et al. 2004) . After applying the external transverse electric field, the adsorption energies of the Li atom on the (6,6), (8, 8) , and (10,10) single-walled CNTs are significantly decreased as shown in Fig. 2 . The adsorption energies are decreased from −1.37 to −2.31 eV, from −1.32 to −2.46 eV, and from −1.33 to −2.63 eV as the electric field is increased from 0.0 to 0.6 V/Å for the Li adsorbed on the (6,6), (8, 8) , and (10,10) single-walled CNTs, respectively. The adsorption energy decreases almost linearly with the intensity of the electric field, and the adsorption energy of the Li atom on the (10,10) CNTs shows more significant changes than those of the other CNTs under the same electric field.
Effect of the external electric field on the diffusion of Li was also investigated. The diffusion energy curves of Li in the (8,8) CNTs are shown in Fig. 3a , and the diffusion path is shown in Fig. 1 . It can be seen from From Fig. 3b , it can be seen that the energy barrier is decreased with increasing the electric field for Li diffusion on all the CNTs. The energy barriers are decreased to 0.20, 0.17, and 0.15 eV for Li diffusion on the (6,6), (8, 8) , and (10,10) CNTs, respectively, as the external electric field is increased to 0.6 V/Å. In order to investigate the effect of electrical field strength on the adsorption and diffusion of Li on the CNTs, we used an external electrical field of 0.0-0.6 V/Å (0-60 MV/cm). This electrical field range has been previously used to study the releasing of chemisorbed hydrogen atoms from the single-walled CNTs (Surya et al. 2011) . In order to avoid the breakdown of the device, we used an electrical field with a strength of 0.2 V/Å (20 MV/ cm). Results show that the diffusion barrier is decreased to about 58 meV. The diffusion coefficients can be obtained based on the transition state theory (Vineyard 1957) using an equation of D = D 0 exp (−E diff /k B T). From the equation, it can be seen that a decrease of 60 meV in the energy barrier is corresponding to an order of increase in the diffusivity at room temperature. Therefore, diffusivity of Li in the CNTs can be enhanced by about one order after applying an electrical field with a strength of 0.2 V/Å. The charge-transfer of Li adsorbed on the CNTs was analyzed using the Mulliken population analysis (Segall et al. 1996) . As the Li atom is adsorbed at the H site, the charges transferred from Li to (6,6), (8, 8) , and (10,10) CNTs are 0.645, 0.655, and 0.663 e, respectively, without applying an electric field. These are in the data range between 0.45 e charge transferred from Li to the (5,5) single-walled CNTs (Ni et al. 2010 ) and 0.81 e from Li to graphene (Koh et al. 2015) . The charge transfers are 0.141, 0.106, and 0.072 e larger than that of Li adsorbed at the B site. After the charge redistribution, Li possesses a more positive charge than that adsorbed on the B site. Therefore, Li prefers to occupy the H site due to a strong polarization interaction between Li and CNTs.
From the above results, it can be concluded that the smaller the charge transfer difference is at the H and B sites, the smaller the diffusion barriers will be. The changes of charge transfer of Li at the H and B sites as a function of the electric field are shown in Fig. 4a, b , respectively. The charge transfer increases with the increase in intensity of the electric field, but the charge transfer difference at the H and B sites decreases with increasing the electric field. Therefore, the diffusion energy barriers decrease with increasing the electric field.
To understand the interactions between Li and the CNTs, we have investigated the projected density of states (PDOS) of the Li atom adsorbed on the H and B sites with and without electric fields, and the results are shown in Fig. 5 . As the 2s level of the Li atom is above the conduction band maximum of all the H sites, Li will donate its electrons to conduction band minimum (CBM). The Li 2s level moves to the right hand side after applying with the electric field. Thus, there are more charges transferred from the Li atom to the CNTs, as confirmed by the Mulliken population analysis discussed above. Therefore, the interactions become stronger between Li and the CNTs, thus enhancing the adsorption of Li on the CNTs. From Fig. 5 , we can also observe the obvious difference of the Li 2s peak on the H and B sites with E = 0.0 V/Å; however, the peak difference has mostly disappeared with increasing the electric field. This explains the reason why the diffusion energy decreases with the applied electric field. The charge transfer difference at the H and B sites decreases with increasing the intensity of the electric field, and the diffusion energy barriers decrease with increasing the electric field.
The electro-chemical behavior of anode materials shows a significant dependence on the adsorption and (Datta et al. 2014) . Several types of methods have been used to increase the adsorption energy and decrease the diffusion barriers. For example, using the CNT-C 60 hybrid structure as the anode for the LIBs can enhance the Li adsorption energy from −1.72 eV for the pure CNTs to −2.65 eV for the CNT-C 60 hybrid structure (Koh et al. 2011) . Li et al. reported that the adsorption energy of Li on the (10,0) CNTs was enhanced to 0.93 eV using nitrogen doping (Li et al. 2008) . The adsorption energy can also be enhanced by introducing defects in the anode materials (Setiadi et al. 2013; Sun et al. 2015) . The diffusion barriers of the Li atom on graphene can be reduced by the formation of vacancy defects; therefore, the diffusion barriers can be decreased from 0.31 to 0.24 eV for single-vacancy and from 0.31 to 0.17 eV for two-vacancy (Fan et al. 2012) . Therefore, introducing defects can be used to enhance the adsorption and diffusion of Li in the anode materials. From the above results, an external electric field applied to the CNTs can enhance the adsorption and diffusion of Li in the CNTs, which provides another route to enhance the exothermic reaction between the anode and lithium with a faster charging process. Recently, Lee et al. (2016) investigated a Si/CNTs/BaTiO 3 composite anode for the LIBs and verified that this composite anode can improve the discharge capacity and the cycle performance of the LIBs. They proved that the piezoelectric electric field of BaTiO 3 was related with the increased mobility of the Li ions. These results clearly suggest that the electric field can be used to realize a fast charging process for the LIBs.
Conclusion
In summary, enhancement of the adsorption and diffusion of Li atom on the (6,6), (8, 8) , and (10,10) single-walled CNTs was investigated using the first principle calculation. As the external electric field is increased from 0.0 to 0.6 V/ Å, the adsorption energies are decreased from −1.37 to −2.31 eV, −1.32 to −2.46 eV, and −1.33 to −2.63 eV for Li atom adsorption on the (6,6), (8, 8) , and (10,10) CNTs, respectively. As the external electric field is increased from 0.0 to 0.6 V/Å, the energy barrier is decreased from 0.42, 0.40, and 0.39 eV to 0.20, 0.17, and 0.15 eV for Li diffusion in the (6,6), (8, 8) , and (10,10) CNTs, respectively. Therefore, we can conclude that electric field can be used to enhance the exothermic reaction between the CNTs and lithium with a faster charging process.
